We study decoherence of a single nitrogen-vacancy (NV) center induced by the 13 C nuclear spin bath of diamond. By comparing Hahn-Echo experiments on single and double-quantum transitions of the NV triplet ground state we demonstrate that this bath can be tuned into two different regimes. At low magnetic fields, the nuclei behave as a quantum bath which causes decoherence by entangling with the NV central spin. At high magnetic fields, the bath behaves as a source of classical magnetic field noise, which creates decoherence by imprinting a random phase on the NV central spin. DOI: 10.1103/PhysRevLett.108.200402 PACS numbers: 03.65.Yz, 76.30.Mi, 76.60.Lz Quantum coherence is a fleeting phenomenon and decoherence-the loss of quantum coherence due to interaction with the environment-is omnipresent. Countless investigations have revealed that this process lies at the heart of our understanding of quantum mechanics, measurement, and ultimately how we perceive reality beyond the quantumclassical interface. To quantitatively describe decoherence, two seemingly independent models have been put forward: a semiclassical one [1,2] and a quantum-mechanical one [3] . Semiclassically, a quantum system can lose its coherence when it is exposed to classical noise and hence accumulates a random phase. In a fully quantum-mechanical picture, coherence is lost whenever the system entangles with its quantum-mechanical environment.
Quantum coherence is a fleeting phenomenon and decoherence-the loss of quantum coherence due to interaction with the environment-is omnipresent. Countless investigations have revealed that this process lies at the heart of our understanding of quantum mechanics, measurement, and ultimately how we perceive reality beyond the quantumclassical interface. To quantitatively describe decoherence, two seemingly independent models have been put forward: a semiclassical one [1,2] and a quantum-mechanical one [3] . Semiclassically, a quantum system can lose its coherence when it is exposed to classical noise and hence accumulates a random phase. In a fully quantum-mechanical picture, coherence is lost whenever the system entangles with its quantum-mechanical environment.
Both of these models have been demonstrated experimentally in carefully engineered environments [4, 5] . However, experimentally testing which of the two descriptions is adequate for a specific natural environment remains a challenge. Here we address this problem for the spin bath, in particular, the nuclear spin bath surrounding an NV center in diamond. We demonstrate that for this bath the models predict different results and hence are experimentally distinguishable. We experimentally find that the semiclassical description is valid for large magnetic background fields and that classical noise emerges as the weakcoupling limit of entanglement-induced decoherence.
In more detail, decoherence occurs in a semiclassical environment whenever a qubit is subjected to a classical noise ðtÞ. The basic mechanism is described by a pure dephasing Hamiltonian
where z is a Pauli matrix, a static energy splitting and ðtÞ the classical random process. A coherent superposition
will dephase under the influence of ðtÞ. Precisely, the off-diagonal elements of the density matrix
dtðtÞ decay as hexp½ið R t 0 dtðtÞÞi , where hÁi denotes the average over all realizations of the random process.
Quantum mechanically, the environment is treated as another quantum system (e.g., another two-level system j0i env , j1i env ). Interaction between the system and the environment can create entangled states of the form
This mechanism also destroys the off-diagonal elements of the system's density matrix, since sys 01 ðtÞ ¼ Tr env ½ envsys 01
We studied these mechanisms on the nitrogen-vacancy center in diamond, a paramagnetic impurity, whose spin 1 ground state sublevels can be initialized and read out optically [6] . It is embedded in the carbon lattice, which is mostly spinless, but contains a small amount (1.1%) of a spin 1=2 isotope 13 C. The center's spin S is coupled to these impurities I n , so that its total Hamiltonian reads
Here, e ¼ g e B , I ¼ g I n denote the electron and nuclear magnetic moments, respectively, Á the zero-field splitting of the NV center and A n the electron-nuclear interaction tensor, which depends on the relative position between the electron and the nth nuclear spin. Experimentally, decoherence of the center spin is probed by a Hahn-Echo sequence on the effective two-level system j0i¼jS z ¼0i, j1i¼jS z ¼À1i. This system is prepared in a coherent superposition jc i¼ðj0iþj1iÞ= ffiffiffi 2 p , which is allowed to evolve during a time 2T, with a refocusing pulse applied at T to cancel static shifts of the levels. At t ¼ 2T, a =2 pulse maps coherence to population, so that a subsequent readout essentially measures the remaining coherence Re½ 01 ð2TÞ after 2T. A typical signal obtained in this way is sketched in Fig. 1 . It consists of a decay proportional to expðÀT N Þ, which is modulated by collapses and revivals at the Larmor frequency of the surrounding 13 C bath.
This modulation of the echo envelope has recently been studied in the context of NV centers [7] and quantum dots [8] and has been explained independently by decoherence [7] as well as classical dephasing [8] . Effectively, these explanations can be understood as different limits of the electron-nuclear coupling, which is best quantified by B NV;n ¼ e e z Á A n , the magnetic field of the electron spin at the site of a nuclear spin I n . Decoherence occurs in the limit of a strongly interacting nuclear spin with B NV;n * B. Here, the nuclear spin I n precesses under an effective magnetic field B eff ðS z Þ ¼ Be z À S z B NV;n , which depends on the quantum number S z . Between the =2 pulses of the Hahn-echo sequence, this field propagates the coherent superposition ðj0i NV þ j1i NV Þ ji13 C (with ji13 C being an arbitrary state) into the state
whereT ¼ ÀT I . For ½e ÀiTB eff ð1ÞÁI ; e ÀiTB eff ð0ÞÁI Þ 0 this state is an entangled state of the form (3), where coherence is lost [7, 9, 10] . Considering the Hahn echo sequence as an interferometer between states j0i and j1i the nuclear spin I records which-way information about the electron spin state S z and therefore precludes interference at the closing =2 pulse. While the commutator vanishes for B NV;n k e z , an arbitrary placed 13 C can experience an orthogonal component B NV;n ? e z which causes entanglement to build up. Even in this case, however, the decoherence mechanism is disabled at the revivals T ¼ nT Larmor , since here e ÀiTB eff ð0ÞÁI ¼ AE1. Classical dephasing occurs in the limit of a weakly interacting nucleus satisfying B NV;n ( B. Such a nucleus can be treated as a classical magnetic moment I n which performs Larmor precession under B, independent of the electron spin state S z . An unpolarized nuclear spin initially has a random orthogonal component I 0 n;? ¼ I 0 n;x e x þ I 0 n;y e y , which rotates around e z at the Larmor frequency. In this case, the electron spin evolves under an effective, classical field B eff ðtÞ ¼ Bþ I A n ÁI 0 n;? cosð! Larmor tþ C Þ, The latter component oscillates at ! Larmor with random phase and amplitude. It contains a component along e z , since, for a suitably placed nucleus, e x A n e z Þ 0 or e y A n e z Þ 0 and therefore realizes the model of classical dephasing [Eq. (1)]. Over a Hahn-echo sequence, the classical noise field B eff ðtÞ imprints a random phase ÈðTÞ on the electron spin with
For T ¼ ðn À 1=2ÞT Larmor , the phase ÈðTÞ ¼ À4 I A n Á I 0 n;? sin C , which is maximally sensitive to the randomness in the ''spin noise''. In contrast, no phase is accumulated at the revivals (ÈðTÞ ¼ 0 at T ¼ nT Larmor ). Here, the oscillating field averages to zero over the Hahn-echo sequence independent of its phase and amplitude and, hence, never changes the phase of the electron spin.
The goal of this study is to distinguish between these scenarios. Precisely we aim to determine experimentally whether or not the spin bath can be modeled classically in the sense that the result of experiments other than Hahn echo can be predicted by a Hamiltonian of type (1) with a single suitably chosen .
To answer this question we use a recently discovered experimental test [11, 12] . The key idea is that, while the quantum and classical mechanism are indistinguishable for the single-quantum transition jS z ¼ 0i ! jS z ¼ À1i, they lead to distinctly different results when coherence is probed on the double-quantum transition jS z ¼ À1i ! jS z ¼ þ1i. For this latter transition, classical spin noise would still induce collapse and revivals at the 13 collapses and revivals applies to any transition experiencing a Zeeman shift in a magnetic field. For the case of a quantum bath, however, the revivals should disappear on the double-quantum transition. Here, the electron never enters the S z ¼ 0 state. Consequently, each nucleus evolves under an individual effective field B n;eff ðS z ¼ AE1Þ. In this situation, at least one nucleus will record which-way information for any sufficiently long sequence length T.
Here we systematically study the coherence evolution on the double-quantum transition for a large range of magnetic fields. We investigated NV centers, which had been created by implantation of 15 N þ nitrogen ions with an energy of 30 keV into a CVD diamond with a natural 13 C abundancy of 1.1% [13] . We performed Hahn-echo spectroscopy on the single quantum transitions j0i!jÀ1i and the double-quantum transition jÀ1i!j1i in a static magnetic field varying between 40 and 140 G aligned along the NV axis e z . The results are shown in Fig. 2. For small fields B 100 G we confirm the observation of [11, 14] : decoherence is induced by a quantum spin bath which can be seen by the fact that revivals of the echo contrast appear exclusively on the single quantum transitions, at T ¼ nT Larmor . On the double-quantum transition, coherence decays in few microseconds and never revives. However, for large fields, we observe a qualitatively different behavior: revivals appear also on the double-quantum transition, indicating that the carbon bath is tuned into a classical regime at high fields.
In this classical regime, the spin bath should be indistinguishable from a source of classical magnetic field noise. To confirm this hypothesis and to measure the spectral density of this noise we performed dynamical decoupling (DD) experiments [15] [16] [17] [18] in the classical regime. The results are presented in Fig. 3 . Precisely, we measured the envelope modulation of the DD echo sequences PDD1, PDD3, and CPMG2 [2] on the single quantum transition. For a system exposed to classical noise, this envelope modulation is the projection of the noise spectral density onto a characteristic ''filter function'' of the respective pulse sequence [2] . Consequently, knowledge of the envelope modulations allows us to infer the spectral density of the noise. We recovered this spectral density by fitting the envelopes of all three DD sequences to a single noise spectral density, using the Hamiltonian (1) as described in [2] . Indeed, all three echo modulations fit well to a single noise spectrum peaked around the 13 C Larmor frequency [ Fig. 3(d) ].
We explain this emergence of a classical regime by dividing the spin bath into shells, defined by the strength of the NV magnetic field B NV;n ¼ e e z Á A n (see Fig. 4 ). As stated above, classical spin noise is caused by the outer shell of distant, weakly coupled nuclei satisfying B NV;n ( B. Quantum decoherence can only be caused by the inner shell of strongly coupled nuclei satisfying B NV;n ! B.
The border between these shells, B NV;n % B, obviously depends on the static magnetic field B. At low fields, the dominating mechanism is decoherence from the quantum shell. At high fields, the quantum shell shrinks and finally vanishes when B exceeds the coupling strength of the NV to the closest 13 C spin. Only in this regime the spin bath behaves as a classical bath, since a single strongly coupled spin is sufficient to create entanglement and thereby cause quantum decoherence. Our observed critical field (B % 100 G) corresponds to a distance to the closest nucleus of $1 nm, which is consistent with the 13 C concentration of 1.1%.
The microscopic origin of the quantum-classical transition can be understood from considering a bath consisting of a single nucleus. In this case, the coherence Re½ if ð2TÞ for a Hahn-echo experiment between an initial state jS z ¼ ii and a final state jS z ¼ fi can be computed analytically from Eq. (5) by tracing over all possible nuclear spin states ji.
FIG. 2 (color online). Hahn-echo measurements on the single quantum transitions j0i ! j À 1i (''single'') and the doublequantum transition j À 1i ! j1i (''double'') for varying magnetic fields. For large fields, revivals at the 13 C Larmor frequency appear on the double-quantum transition.
FIG. 3 (color online)
. Envelope modulations of several dynamical decoupling sequences, measured on the single quantum transition j0i ! j À 1i at B ¼ 220 G in the classical regime (red points). All modulations fit well to a semiclassical model (blue lines), where the spin bath is replaced by a source of classical magnetic field noise with a spectral density peaked around the Larmor frequency (d).
with C¼jB eff ðiÞÂB eff ðfÞj 2 =½jB eff ðiÞj 2 jB eff ðfÞj 2 , S z ;n ¼ I jB eff ðS z Þj [7, 12, 19] . The resulting coherence evolution is shown in Fig. 5 , a þ c. For the double-quantum transition ji ¼ À1i ! jf ¼ þ1i the coherence is modulated at the coupling frequencies À1;n and þ1;n [20] . At low fields, they depend on the position of the nucleus and hence are essentially random. At high fields the echo is modulated by revivals at the Larmor frequency, since the nuclear coupling frequencies converge to the Larmor frequency: À1;n % þ1;n % Larmor since B À B NV;n % B þ B NV;n % B.
In contrast, the single quantum transition ji ¼ 0i ! jf ¼ þ1i is modulated by revivals at the Larmor frequency even at arbitrary low fields [ Fig. 5(a) ]. At the Larmor period T ¼ 2=½ I B the evolution operators of Eq. (5) commute. ½e ÀiTB eff ð1ÞÁI ; e ÀiTB eff ð0ÞÁI ¼ 0 since e ÀiTB eff ð0ÞÁI ¼ À1.
The echo modulation for a bath of multiple spins is obtained by multiplying several modulations of type (6) .
This is precisely the first term of a cluster expansion [19] Eq. (7), [21, 22] . A bath of multiple spins can induce echo revivals only for times T where every multiplicand of Eq. (7) revives. Consequently, revivals on the double-quantum transition disappear in low field, where every carbon spin causes an essentially random echo modulation (Fig. 5, b þ d) . Their appearance in high field can be understood in two ways: On the microscopic level the echo modulations of all nuclei synchronize to the Larmor frequency. On a more generic level, back action on the nuclei weakens so that the nuclear dynamics approaches an unperturbed spin bath and decoherence can be described as classical noise.
Considering only the first term of the cluster expansion [Eq. (7)] amounts to neglecting interactions between the bath spins. Interactions are known to become relevant at longer times T % T 2 . Here, they induce the slow decay of the echo envelope which consequently cannot be described by classical noise and displays signatures of quantum effects [12] .
In summary, we have demonstrated that the nuclear spin environment of NV centers can be tuned into two regimes: A strongly coupled quantum regime, where decoherence is caused by back action of the NV center on the bath and a weakly coupled regime, where the bath is indistinguishable from classical magnetic field noise.
We have demonstrated this transition for dynamical decoupling sequences. Although we cannot provide a rigorous proof, our observations suggest that the classical approximation is valid whenever the back action of the central spin on the bath spins (i.e., the commutator [e ÀiTB eff ð1ÞÁI , e ÀiTB eff ð0ÞÁI ] derived from Eq. (5) or a suitable generalization) is small. We therefore expect the same transition to occur in a much wider range of experiments. Indeed, we note that the same transition behavior has meanwhile been demonstrated in FID experiments [23] , where the quantum-classical transition occurs at a similar field strength of $100 G.
The existence of a classical regime is of high experimental relevance, since it renders the spin bath accessible to protocols, which have been devised to suppress classical noise [15, 17, 18] , or even to exploit it in new sensing mechanisms [24] [25] [26] [27] [28] [29] . 
FIG. 4 (color online)
. Shells of the nuclear spin bath, defined by the strength of the NV magnetic field B NV;n ¼ e S z e z A n . Distant nuclei with B NV ( B cause classical decoherence, close nuclei with B NV;n ! B cause quantum decoherence.
